When foraging in their natural environment, many animals readily complement their personal knowledge with additional social information. To balance the costs and benefits of copying others, animals have to discern situations in which it is more advantageous to use social rather than personal information. Here, we used foraging bumblebees (Bombus terrestris) in a controlled laboratory setting and showed that the difficulty of a foraging task affects how the bees weight the 2 types of information. We used artificial flowers to devise easy and difficult discriminatory tasks, and tested the influence of floral and social cues on decision making. When facing an easy discrimination task, foraging bees were likely to rely on personal information and were only marginally affected by social information. By contrast, they prioritized social over personal information when flower discrimination was difficult and therefore the probability of making errors was higher. In summary, bees are able to use social and personal information to optimize foraging decisions in a flexible way.
INTRODUCTION
Animals are continuously challenged to extract reliable information from their environment, which can be particularly demanding under the unpredictable and ever changing circumstances that typically occur in nature (Danchin et al. 2004; Dall et al. 2005) . One way to reduce the cost of obtaining personal information through individual exploration is to copy others (Laland 2004; Hoppitt and Laland 2013) . Such social learning is taxonomically widespread (Giraldeau and Caraco 2000; Kendal et al. 2004; Galef 2009; Jones et al. 2015) . However, social learning strategies have their own shortcomings (Boyd and Richerson 1988; Giraldeau et al. 2002) . For instance, in rapidly changing environments, copying others excessively can lead to the circulation of obsolete information (Giraldeau et al. 2002) . To balance the costs and benefits of copying others, animals have to find the optimal combination of social and personal information use (van Bergen et al. 2004; Kendal et al. 2004; Laland 2004; Kendal and Coolen 2011; Rieucau and Giraldeau 2011; Heyes 2012) .
Pollinators are ideal models for investigating social learning mechanisms. In a natural setting, they encounter many different species of flowers, some of which they may not have seen before. As unfamiliar flowers can be unrewarding (Heinrich 1979) , so flower constancy-the tendency to exclusively visit certain flower species, while ignoring others-is advantageous (Chittka et al. 1999) . Bees are naturally well equipped for flower discrimination (Menzel 1990) and can use different sensory modalities to rapidly learn to discriminate among flowers according to their reward (Menzel 1985; Chittka and Thomson 2001) . Social information is also frequently available to bees, and an increasing body of studies reports that bees readily make use of additional social information to complement their personal knowledge Avarguès-Weber and Chittka 2014a) . Experienced foragers are attracted to flowers with conspecifics (Leadbeater and Chittka 2005 ) and can learn simple flower color-reward associations by observing the choices of conspecifics from a distance (Worden and Papaj 2005; Dawson and Chittka 2012; Avarguès-Weber and Chittka 2014a) .
The mechanistic basis of social learning might be very simple and recent works in cognition have shown that basic principles of associative learning can also account for many aspects of social learning (Avarguès-Weber et al. 2015; Heyes and Pearce 2015 , but see Avarguès-Weber and Chittka 2014b). For instance, Dawson et al. (2013) reported that seemingly complex social learning in bumblebees can emerge through the simple Pavlovian ability to integrate 2 learned associations (i.e. second order conditioning). Moreover, in bumblebees, individuals seem not to have an innate sense of the value of a social cue and have to learn it through experience. Consequently, individuals with no previous social foraging experience tend to ignore conspecific foraging choices when making foraging decisions Avarguès-Weber and Chittka 2014a) .
In bumblebees, the values attributed to social and personal cues change flexibly depending on the specific circumstances. Foraging bees are more likely to rely on social information when personal exploration is costly, for example because of a high predation risk (Abbott 2006; Ings and Chittka 2009 ). They also weight floral and social cues according their reliability, and prefer to use social cues when flowers offer highly variable rewards (Smolla et al. 2016 ). In addition, bees prefer to use social information when encountering unfamiliar flower types (Kawaguchi et al. 2007 ), or when their past foraging experience is with flowers with low rewards (Jones et al. 2015) . One recent study (Dunlap et al. 2016) found that bees flexibly use social and personal information depending on the reliability of both types of information. Precisely, while bees account for the reliability of personally acquired information and social information in making foraging decisions, they do no treat social and personal information equally. Bees prefer to use social information if it consistently predicts a reward, but if social information becomes entirely unreliable, personal information is preferred (Dunlap et al. 2016) . To date, as far as we know, no study has addressed how bees adjust the use of personal versus social information depending on the difficulty of the foraging tasks, and whether the reliance on social information in such contexts is flexible.
We investigated how bumblebees (Bombus terrestris audax) use previously acquired social and personal information when challenged with a novel discrimination task, and whether they flexibly alter their information use according to the difficulty of the task. We used artificial flowers patterned with a varying number of black vertical bars to devise easy and hard discriminatory tasks between familiar and novel flowers. We used naive bumblebees, (i.e., bees that never had foraged with conspecifics before the start of a pretraining) and made sure they gained the same personal and social information by means of fully controlled pretrainings with rewarding flowers and rewarding social information. Then, we tested the bees in novel situations where we manipulated the task type and difficulty to explore variation in social information use. The series of experiments that we conducted were the following. 1) We first tested bumblebees in a task where social cues were not available, to investigate whether foraging performance would be affected by the task difficulty. This would be the case if individuals mistakenly chose unrewarding novel flowers more often when the discrimination task was more difficult. Theoretically, to circumvent the difficulty of a hard task and avoid incorrect choices, individuals that experienced reliable social information earlier should use additional social information when available, particularly when personal information does not yield sufficient rewards. To quantify this possibility, 2) we tested bumblebees in a second experiment with the same artificial flowers, where the rewarding flowers were also indicated by a social cue. We predicted that the additional social cue would improve the performance, as our bees experienced reliable social information previously, and that bees should show a greater decrease in incorrect choices when the task was harder in comparison to the test with no social information. To quantify the extent to which bees relied on social information over personal information, 3) we tested bumblebees in a situation where social and personal information were set in conflict. Here, we set the social cue on the novel, unrewarding flower. We predicted that the number of incorrect choices would increase in the hard task, as individuals should rely more on social information. In comparison, the number of incorrect choices in the easy task should be more similar to the scenario without available social information.
MATERIAL AND METHODS

Study species and setup
Bumblebee foragers from a total of 4 colonies obtained from a continuous rearing program (Biobest, Belgium N.V.) were used. Bees from different colonies were roughly equally allocated to the experimental groups, so that each group was composed of bees from at least 2 different colonies. Each colony was kept in a wooden box (28 × 20 × 10 cm) connected to a flight arena (60 × 50 × 35 cm) by a Plexiglas tunnel (25 cm length; 3.5 × 3.5 cm in cross-section). A transparent Plexiglas lid (60 × 50 cm) covered the flight arena. Shutters along the length of the connecting tunnel helped us to control the flow of bees between the nest-box and the flight arena. Each bumblebee was tagged with a colored numbered disk (Opalithplättchen, Warnholz & Bienenvoigt, Germany) for individual identification. Colonies were supplied with commercial pollen (Koppert B.V., The Netherlands) and 30% (w/w) sucrose solution ad libitum. Pollen was simply added to the nest while sucrose solution was offered in a communal plastic feeder placed into the wooden box in the dark. Bees were not allowed to forage in the experimental arena, neither before nor during the period of the experiments. Each experimental day, a single naive bumblebee was allowed to enter the arena. Only active and motivated foragers were selected. Tests were conducted under standardized light (12 h:12 h) and temperature (23 ± 2 °C) conditions.
Experimental procedure
The general procedure consisted of 2 consecutive trainings and a single test. In both the trainings and the test, naive bees foraged individually in the arena, where 6 unrewarding and 6 rewarding artificial flowers were available. The rewarding flowers contained 5 μL of 30% sucrose solution (w/w) and the unrewarding flowers contained 5 μL of water. The artificial flowers were made of a vertical laminated green card (5 × 7 cm) fastened to the top of a 3 cm high rubber cylindrical pedestal (~2 cm in diameter), ( Figure  1 ). Each flower was adorned with a floral cue made of a square of white paper (3 × 3 cm) with a black bar vertical pattern (1, 4, or 5 bars according to the scenario, see below), attached to the green card. These patterns were selected for creating a hard discrimination task (4 vs. 5 bar flowers, Hard Task) and an easy discrimination task (1 vs. 4 bar flowers, Easy Task). The respective task difficulties were tested and demonstrated by the fact that when only floral information was available, bumblebees made significantly more errors on the Hard Task (mean percentage ± SD = 33.7 ± 10.1) than the Easy Task (15.2 ± 6.0), (Mann-Whitney test, Z = −3.45, n 1 = 12, n 2 = 12, P = 0.001). For the social cue, we used freshly freeze-killed conspecifics pinned on the artificial flowers (according to the scenario, see below) (Kawaguchi et al. 2006; Leadbeater and Chittka 2009; Dawson and Chittka 2012) . Previous works have already established that pinned dead bees or model clay bees elicit reactions similar to live conspecifics in foraging bees despite the lack of movement (Worden and Papaj 2005; Kawaguchi et al. 2006; Chittka 2007, 2009) . A transparent Plexiglas platform with a small cavity (Ø 0.5 cm, 0.2 cm in depth) contained the sucrose reward. The platform was attached to the card via a Velcro strip, below the white square. In the course of trainings and tests, emptied rewarding flowers were refilled after the bee moved to a different one. Thus, bees never experienced an empty flower, unless they returned to the last visited one. Between tests, we cleaned Plexiglas platforms with hot water and ethanol to remove any scent marks left by previous foragers. To prevent the bees from using the flowers' spatial arrangement to solve the task, we changed the positions of the flowers randomly between each successive foraging bout. We observed the foragers' flower choices during the successive trainings and test. A choice was recorded only when the bee landed on the Plexiglas platform. Choices were categorized as correct when the bees obtained the reward and incorrect otherwise. Within 1 h after the end of the training, subjects were tested and then removed from the colony.
Training
During trainings individual bumblebees were successively trained in 2 separate routines (A and B) to learn simple associations between either the vertical patterns (flower cue) or the demonstrators (social cue) and the reward (Figure 1) . In training A, the foragers learned to associate a pattern of 4 vertical bars printed on a white background with the reward. The unrewarded flowers displayed neither the black bar pattern nor the white background. In training B, demonstrators pinned onto patternless flowers indicated the reward. To balance out the possible effect of training order, half of the bees received training B before training A and vice versa. We defined a foraging bout as a bee's separate visit to the arena, from the moment the bee entered until it exited voluntarily. Training was considered accomplished when the number of mistakes per foraging bout fell to zero, and bees were allowed to complete as many individual foraging bouts as necessary to learn these simple associations. The number of bouts, as well as the total number of visits that bees needed to achieve learning during training A (bars: mean bouts ± SD = 6.08 ± 2.2; mean visits ± SD = 113.6 ± 24.1) and B (bees: bouts ± SD = 6.1 ± 1.5, mean visits ± SD = 108.2 ± 23.6) was similar (Wilcoxon test, bouts: Z = −0.16, P = 0.87; visits: Z = −1.15, P = 0.26), suggesting comparable difficulties of associating the reward with the 4-bar pattern and with the demonstrator.
Test
During the test, bees had to discriminate between rewarding and unrewarding flowers using information previously acquired in the trainings. To investigate whether the difficulty of a flower discrimination task influenced the use of social information, the bees were offered a choice between the familiar 4 bar patterned flowers and novel, nonrewarding flowers (1 out of 5 bars in the Easy/ Hard Task tests, respectively), (Figure 1 ). We tested 3 experimental scenarios, each differing in the position of the social cues. The scenarios were further divided into an Easy Task test and a Hard Task test. 1) In the Floral Scenario, the flowers were without social cues and foragers had to discriminate between familiar rewarding 4 bar patterned flowers and novel nonrewarding flowers displaying 1 bar (Easy Task, n = 12 bees) or 5 bars (Hard Task, n = 12 bees) ( Figure 1) . 2) In the Consistent Information Scenario, demonstrators were pinned onto the rewarding 4 bar patterned flowers in both the Easy Task (n = 10 bees) and the Hard Task (n = 11 bees) (Figure 1 ). 3) In the Conflicting Information Scenario, demonstrators were pinned onto the novel and nonrewarding flowers (i.e., onto 1 bar flowers in the Easy Task (n = 12 bees); onto 5 bar patterned flowers in the Hard Task (n = 12 bees); Figure 1 ). Each bee completed one test that consisted of 50 flower choices and was not tested further. Bees were allowed as many foraging bouts as necessary to complete 50 flower choices. The number of foraging bouts needed to complete flower choices did not differ among treatments (Kruskal-Wallis test, χ 2 = 8.16, df = 5, P = 0.15).
Data analysis
Data were analyzed using ANOVA designs. Bees' choices (correct/ incorrect) were examined using generalized linear mixed models (GLMMs) with a binomial error structure (logit-link function, glmer function of R package lme4 [Bates et al. 2014] ) with "Scenario", "Task Type", "Training Order", and their interactions as fixed factors. To compare how bees improved their foraging accuracy (i.e., the speed of learning) over different scenarios and tasks "Visits" (i.e., 50 flower visits) was entered in the model as a covariate and individuals' identities and colony of origin were set as random factors to account for within-colony similarities and repeated measures. We retained the model with the highest explanatory power (i.e., the lowest AIC value). Models were optimized with the iterative algorithm, BOBYQA (Powell 2009 ). In the best model, the interactions (Scenario × Task Type) and (Scenario × Visits) were also included. We used Dunnett's post-hoc tests to detect differences between the different groups (glht function from R package multcomp [Bretz et al. 2011] ). In order to compare the bee performance in the different scenarios and tests before the bee had the chance to In the first scenario, there were no demonstrators, only floral cues. In the second scenario, the demonstrators were pinned onto the familiar rewarding flowers. In the third scenario, the demonstrators were pinned onto the novel, unrewarding flowers.
update its information, we analyzed the first foraging choices using χ 2 tests. We also compared the individual percentage of incorrect choices over the entire test (50 choices) across different scenarios using Mann-Whitney U-test and Wilcoxon signed-rank test, or single sample t-test when assumption of normality and homogeneity of variance were met. All statistical analyses were performed with R 3.2.3 (R Development Core Team, 2016).
RESULTS
Overall, the number of errors made by the bees was significantly affected by the scenario and the difficulty of the task both for the first flower choice (GLMM, scenario: χ 2 2 = 11.58, P = 0.003; task: χ 2 1 =19.85, P < 0.0001, Figure 2 ) and over the 50 flower choices (GLMM, scenario: χ 2 2 = 27.79, P < 0.0001; task: χ 2 1 = 45.56, P < 0.0001, Figure 3 ). The interaction between the "Scenario" and the "Task Type" was also significant for the 50 flower choices (GLMM, χ 2 = 16.06, df = 2, P < 0.0001), indicating that, as we predicted, forager bees used social cues differently depending on the difficulty of the task. Similarly, a significant interaction between the "Scenario" and the "Visits" (GLMM, χ 2 = 14.09, df = 2, P < 0.0001) showed that the learning speed (i.e., slope of curve) differed between scenarios (Figure 4) .
When tested without demonstrators (Floral Scenario), bumblebees made significantly more errors over the entire test when challenged with the Hard Task (mean percentage ± SD = 33.7 ± 10.1) than with the Easy Task (15.2 ± 6.0), (Dunnett contrast, Z = −6.7, P < 0.0001, Figure 3 ). These results indicate that the bees found these discrimination tasks hard or easy as intended. Importantly, the first flower choice in the Hard Task was random (χ 2 test, χ 2 1 = 2.16, P = 0.2, > 50% of bees chose the novel pattern, Figure 2 ), indicating that the bees did not initially differentiate between the 2 patterns. However, the bees significantly improved over the course of the test (GLMM, χ 2 1 = 20.11, P < 0.0001, Figure 4 ), so that, over the entire test flower choice was no longer random (one sample t-test, t = −5.6, df = 11, P < 0.001). Similarly, bees improved their foraging performance also when facing the Easy Task, although to a smaller extent, probably because the room for improvement was less (GLMM, χ 2 1 = 4.26, P < 0.04, Figure 4 ). These results indicate that bumblebees were able to perceive the differences between the flower types and to solve the discrimination task.
When social and personal information were in agreement (Consistent Information Scenario), the bees' first choices in the test did not differ between the Easy and the Hard Task (100% and 90.9% of bees chose the correct flower in the Easy and Hard tasks, respectively, χ 2 test, χ 2 1 = 0.95, P = 1, Figure 2 ). Assuming that, as in the Floral Scenario, bees did not initially differentiate between the 2 test patterns in the Hard Task, the first choice here was between floral vs floral plus social cue. Over the whole test, the presence of a demonstrator on the rewarding flowers made the Hard Task (7.8 ± 3.7% of errors) significantly easier to solve (i.e., 4.3 times less errors) than in the Floral Scenario (Dunnett contrast, Z = 7.76, P < 0.0001; Figure 3) . The bumblebees' accuracy increased to the point where the percentage of errors was negligible (5-10%) and only marginally different between the Hard and Easy Tasks (3.6 ± 3.2), (Dunnett contrast, Z = −2.93, P = 0.04, Figure 3) , underlining the usefulness of additional social information in discrimination tasks. As the bees solved the task near perfectly from the beginning, their improvement in performance over the test was small, although statistically significant (GLMM, Easy Task: χ 2 1 = 3.18, P < 0.08; Hard Task: χ 2 1 = 9.65, P < 0.02, Figure 4 ). When social and personal information were in conflict (Conflicting Information Scenario), the first choice made by the bees was strongly affected by the difficulty of the task (8.3% and 91.7% of test bees erroneously chose the social cue in the Easy and Hard Task respectively, χ 2 test, χ 2 1 = 8.11, P = 0.004, Figure 2 ). Note that the very same percentage of bees chose the social cue in the Hard Task, regardless of whether it was on the familiar 4 bar pattern (Consistent Information Scenario, 90.9%) or on the novel 5 bar pattern (Conflicting Information Scenario, 91.7% ). This finding again shows that before bumblebees had a chance to update their information, they made their decisions entirely based on the social cue. On the contrary, foragers confronted with the Easy Task were not influenced by the social cues and showed similar performance as in the Floral Scenario (χ 2 1 = 1.2, P = 0.27). Overall, these results indicate that forager bees relied on floral cues when facing an easy task and on only social cues when facing a difficult task.
Next, we turned our attention to flexibility in the use of social information. Interestingly, the overall performance of the bees tested with the Hard Task in the Conflicting Information Scenario was not significantly different from their performance with the same task in the Floral Scenario (Dunnett contrast, Z = −2.04, P = 0.32, Figure 3 ). This was due to the fact that while bees were attracted to social cues in their first choice (11 out of 12 bees chose a flower with a demonstrator bee), they improved their performance over the 50 visits (χ 2 1 = 58.71, P < 0.0001, Figure 4 ). In contrast, the overall performance of bumblebees on the Easy Task started the same and followed the same course of improvement in the Floral Scenario and the Conflicting Information Scenario (11.8 ± 2.2; Dunnett contrast, Z = 0.79, P = 0.97, Figure 3) . As a consequence, the greatest discrepancy between the performances on the Easy and the Hard Tasks occurred in the Conflicting Information Scenario (Dunnett contrast, Z = −10.95, P < 0.0001, Figure 3 ).
DISCUSSION
We found that the value associated with social and personal information was flexible across a variety of experimental conditions. In particular, the level of similarity between previously learnt and novel flowers was a key factor affecting the way bees utilized the available information. When the foraging task was easy to solve, bees relied on personal information and seemed only marginally affected by social information. On the other hand, when the task was hard, the bees utilized social cues. During the training, our bees gradually conferred a positive value to the social cues through experience gained and, as a results, were attracted to the demonstrated flowers. Associative learning theory (Pearce and Bouton 2001) predicts that, when presented together, concordant cues have an additive effect on the strength of the animal's reward expectation. Consistent with this view, we found that when bees were provided with concordant social and personal information, rewarding flowers had a higher attractiveness and fewer errors in flower choice were made. Moreover, our findings indicate that bumblebees use social information to circumvent the difficulty of solving a hard task, in agreement with evidence showing that social and personal information can act together to improve foraging efficiency (Rendell et al. 2010; Grüter et al. 2011) . These results open up the possibility for the selective use of social information, when personal information is uncertain or when the behavior turns out to be unproductive (Laland 2004) .
When social cues accompany personal information, they are not always in agreement, and then bees have to discern situations where it is more advantageous to prioritize social rather than personal information, or vice versa. Overall, bumblebees resorted to social information when confronted with the Hard Task, but would not abandon known flower types for socially indicated novel types in the Easy Task. This reliance on flower information over social cue in the Easy Task might be in part due to the artificial floral advertisement cue itself. Indeed, artificial flowers were larger and thus probably more conspicuous than conspecific cues. Moreover, unlike on a real flower, where conspecifics would likely be found on the advertising tissue of the flower, these artificial flowers in part spatially separate conspecific and floral advertisement cues. This could have made it more difficult for foragers to devote attention to both cues simultaneously. Having said that, our results demonstrated that foragers facing a Hard Task strongly resorted to social information in their first choices, indicating that the social cue was salient enough even in the presence of a floral cue. In a similar experiment, Dunlap et al. (2016) concluded that when floral and social cues are perceived to be equally reliable, bees preferentially use social cues. They trained bees to yellow versus orange artificial flowers; as bees lack red receptors, these colors appear similar to them (Peitsch et al. 1992; Chittka and Waser 1997) . Therefore, their color learning task corresponds to a "hard" task in our framework, for which we predict the preferential use of social cues.
Upon leaving the nest, just before making the very first choice, bees considered both social and floral cues as reliable, as they were previously trained in scenarios where both flowers and demonstrator bees were associated with a reward. Hence, the very first choice was solely based on their propensity to rely on social or personal information to solve the discrimination task, but soon after the first choice bees faced uncertainty due to contradictory reward information conveyed by the social cues. We found that bees were not only flexible in the way they used personal and social information, but they updated their foraging preferences and discarded the newly unrewarding social cue quickly, in less than the 50 choices they were allowed in the tests. Overall, our results suggest that in the tests, bees simply learnt to ignore the social cues. However, we cannot exclude the possibility that the bees have learnt to use the demonstrator bees as aversive cues. Either way, this finding points to the ease at which learning of social cues can be reversed.
The use of freshly freeze-killed conspecifics as a proxy for social cues raises the question whether dead bees were considered as live conspecifics or just as an additional nonsocial stimulus by foragers. Previous works have already established that pinned dead bees or model clay bees elicit reactions similar to live conspecifics in foraging bees despite the lack of movement (Worden and Papaj 2005; Kawaguchi et al. 2006; Chittka 2007, 2009 ). Moreover, immobile pinned bees have been shown to be more efficient in drawing forager attention than arbitrary stimuli, suggesting that bees may have an innate ability to learn and use social-like stimuli (Avarguès-Weber et al. 2013; Avarguès-Weber and Chittka 2014b) . While such an innate ability is still to be definitively proven, as there could be some learned components occurring within the colony such as odors, it represents a characteristic shared by many distant taxa including social insects. For instance, social wasps, which have the remarkable ability to recognize nest-mate faces (Tibbetts 2002; Baracchi et al. 2013 Baracchi et al. , 2016 , are also predisposed to memorize faces rather than arbitrary stimuli (Sheehan and Tibbetts 2011; Sheehan et al. 2014 ). Taken as a whole the evidence suggests that the use of dead bees as demonstrators successfully provides observer bees with social information under laboratory conditions. To conclude, our findings confirmed that bees readily take advantage of additional social information while foraging. Hard tasks can become relatively easy to solve when both social and personal information are available. As a result, by using simple associative mechanisms, bees can relatively quickly learn to solve tasks that they would have great difficulty to solve solely with the available personal information. Consistent with this idea, recent studies showed that with the help of concordant social information, bees can learn to solve extraordinary tasks to obtain a reward Lokoula et al. 2017) . We note, however, that bees never attained 100% correct choices, suggesting that individuals will keep on exploring and looking for more rewarding alternatives even if social information is available. Circles represent raw data of bee choices that were pooled to 3 large time-bins for clarity. Curves were fitted to these pooled time-bins as proxy of the 50 visits completed by each individual bee.
